A sophisticated water quality monitoring program was established to evaluate virus removal through Denver's 1-million-gal (ca. 4-million-liter)/day Direct Potable Reuse Demonstration Plant. As a comparison point for the reuse demonstration plant, Denver's main water treatment facility was also monitored for coliphage organisms. Through the routine monitoring of the main plant, it was discovered that coliphage organisms were escaping the water treatment processes. Monochloramine residuals and contact times (CT values) required to achieve 99% inactivation were determined for coliphage organisms entering and leaving this conventional water treatment plant. The coliphage tested in the effluent waters had higher CT values on the average than those of the influent waters. CT values established for some of these coliphages suggest that monochloramine alone is not capable of removing 2 orders of magnitude of these specific organisms in a typical water treatment facility. Electron micrographs revealed one distinct type of phage capable of escaping the water treatment processes and three distinct types of phages in all.
(ca. 48 km) southwest of Denver. From the reservoir location, the water travels underground to the treatment plant site. This plant, which went on line in 1983, is the newest water treatment plant in the Denver system. It is a fully conventional facility utilizing state-of-the-art equipment and technology. As a final disinfectant for the germicidal process, the plant uses monochloramine (NH2Cl).
Routine monitoring for coliphages at the main water treatment plant began in December 1984. The first coliphages were detected in the effluent in July 1985. With the discovery of coliphages in finished water, the sample volumes were subsequently doubled to lower the detection levels. An additional feature instituted at this time was the * Corresponding author. monitoring of the raw water entering this treatment plant as well.
An interesting facet of the South Platte River watershed is that it contains very high quality water. This watershed is derived from an area of sparse population, with no major industry and only limited water recreation allowed. There has been a long history of good watershed management and a complete absence of waterborne disease from all city waters. With such a clean source of water, this study focused on the presence of coliphages in the finished water and determining the levels of monochloramine necessary to inactivate 99% of these waterborne coliphages. Another purpose was to compare the contact time (CT) values of the raw water coliphage population with those of coliphages found in treated water.
MATERIALS AND METHODS
Solutions. Sterile beef extract consisted of 4% beef extract containing 0.5 M sodium chloride (8, 16) . The pH was adjusted to 9.0 with NaOH.
Chlorine solution (2 mM) was made fresh the day of the CT disinfection experiment and consisted of 0.286 g of calcium hypochlorite per liter. The calcium hypochlorite (70.5% available chlorine) provided approximately 250 mg of free chlorine per liter in the solution.
Ammonium stock solution (10 mM) contained 0.535 g of ammonium chloride per liter. This solution was preserved with 0.5 ml of concentrated sulfuric acid per liter. The ammonium stock solution was stored at 4°C. Ammonium test solution (4 mM) was prepared the day of the CT experiment and consisted of 40 ml of ammonium stock solution diluted into 100 ml of chlorine-demand-free deionized water.
Chlorine-demand-free water was prepared by taking freshly deionized water and adding 0.05 ml of a 0.5% sodium hypochlorite solution. The resulting solution was allowed to stand at room temperature for no less than 48 h. After that time, the water was exposed to UV light until no chlorine 3136 was detected by the DPD (N,N-diethyl-p-phenylenediamine) method (see below). Neutralization solution was made so that, in its final formulation, it contained, per liter, 2.50 g of sodium thiosulfate (Na2S203 5H20) and 6.90 g of monosodium phosphate (NaH2PO4-H20). The final pH of this solution was adjusted to 7.1 with NaOH (4). This solution was then autoclaved for 15 min. The neutralization solution was stored at 4°C until used.
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The diluting solution contained 6.90 g of sodium phosphate per liter. Sufficient 10 N NaOH was added so that the final pH of the solution was 7.5. This solution also contained 6.0 ml of the 2.0 mM chlorine solution per liter to make the diluting solution chlorine-demand free. The diluting solution was stored at room temperature in the dark for no less than 1 week to allow time for the chlorine to dissipate. The solution was then exposed to UV light until no chlorine could be detected, after which it was considered chlorinedemand free (4) .
The CT test solution contained 13.8 g of sodium phosphate per liter. This solution was made chlorine-demand free, and sufficient 10 N NaOH was added to raise the pH to 7.5.
Monochloramine solutions of various strengths were made by adding equal volumes of the 4.0 mM ammonia test solution to the 2.0 mM chlorine solution along with 125 ml of the CT test solution on the day of the experiment. This solution was diluted with enough chlorine-demand-free water so that the final strength of the sodium phosphate was equal to 0.05 M. The pH was adjusted to 7.5 with either 1 N HCI or 1 N NaOH.
Chlorine concentrations were determined by using the DPD colorimetric method (3, 12, 13) . Chlorine measurements were made with a spectrometer with a wavelength of 555 nm.
All glassware and stir bars used in the CT experiments were chlorine-demand free. Chlorine-demand-free glassware was prepared by allowing a 1-week contact with a 3.0-mg/ liter chlorine solution.
Sampling procedures. Samples were collected from run-ning taps within the treatment plant in 2-liter polypropylene bottles containing 1.6 ml of 10% sodium thiosulfate to neutralize chlorine. The bottles were autoclaved at 121°C for no less than 70 min. Two-liter samples were aseptically collected at the main water treatment plant from running taps which provided both the raw South Platte River water and the finished effluent water emanating from the plant. The samples were refrigerated during transportation to the laboratory. Once the samples were logged into the laboratory, they were stored at 4°C overnight. The following morning, the samples were processed for coliphages.
Coliphages were evaluated by conventional plaque assay using a double-agar overlay method (2) . The formulae for the top and bottom layers have been detailed previously (6) . Briefly, the bottom layer contained, per liter, 11.0 g of agar, 13.0 g of tryptone, 8.0 g of sodium chloride, 1.5 g of glucose, 0.3 g of MgSO4. 7H20, and 0.7 g of CaCl2. 2H20. The top layer contained, per liter, 6.0 g of agar, 10.0 g of tryptone, 8.0 g of sodium chloride, 3.0 g of glucose, 0.3 g of MgSO4-7H20, and 0.7 g of CaCl2. 2H20. Supplementing the top and bottom layers with calcium and magnesium proves useful in the isolation of phages (10) .
Experimental procedure. The day prior to the processing of a water sample, an Escherichia coli C host (ATCC 13706) was inoculated into a tube containing 10 ml of nutrient broth and incubated at 35°C overnight (9) . The water sample was brought to pH 5.5 with 1 N HCI to aid viral adsorption (17, 18) . It was then poured through two 1-MDS Virosorb (Cuno, Inc., Meriden, Conn.) filters (8, (16) (17) (18) held in a plastic filter holder (47-mm diameter) under a vacuum. The water was then discarded. Viruses were eluted from the filters by two 4.0-ml aliquots of beef extract.
For enumeration of PFUs, 0.15 ml of the E. coli C host and 1.0 ml of the beef extract eluate were added to each top layer tube. Each assay was done in quintuplicate.
The petri dishes were incubated at 35°C and scored for PFUs after .18 h. The viral nature of a plaque was confirmed by stabbing a sterile inoculating needle into the outer VOL. 58, 1992 edge of a putative plaque and then into a lawn of E. coli organisms on a fresh plate. Phage lysates were produced by inoculating a heavy suspension of E. coli host in nutrient broth with a small section of the edge of a confirmed plaque. Lysates were purified by centrifugation, at 770 x g for 30 min, followed by filtration of the supernatant through a 0.45-,um-pore-size filter. The titers of phage lysates were determined by serial dilution and enumeration of PFUs, as described above.
Experiments. The susceptibility of individual phage lysates to inactivation by monochloramine was monitored by determining the titers of the phage suspension after various times of exposure to the agent.
In each assay, the experimental flask contained 192 ml of monochloramine solution and a stir bar, and the control flask contained 149 ml of diluting solution and a stir bar; both were allowed to equilibrate to 25°C in a water bath. Eight milliliters of phage suspension (diluted from a phage lysate with sodium phosphate solution as necessary) was added to the experimental flask, and 1 ml was added to the control. The difference in final PFU concentrations between the control and experimental flasks was compensated for mathematically in the inactivation experiments. At each of five specified times, a 5.0-ml sample was taken from the experimental flask to a test tube with 1.0 ml of neutralization solution to stop the reaction.
Because each phage isolate was dissimilar in sensitivity to monochloramine, trial and error dictated the choice of (i) five different monochloramine concentrations and, for each concentration, (ii) five exposure times. Conditions were selected to afford a removal of 2 orders of magnitude of phages within 14 to 235 min. To express the inactivation in terms of chlorine residual, this value was determined by the DPD method (3, 12, 13) for the experimental flask at the beginning and end of the exposure time, and the two values were averaged.
Computation of results. The percent survival was calculated for the experimental flasks, and statistical regressions of the logarithm of the percent survival with time (in minutes) were performed for each chlorine residual. The 99% removal points were obtained from these regression equations. These values were subsequently used in calculating the CT values. The CT value for a particular phage is the average of the products of chlorine residual (in milligrams per liter) times the time (in minutes) at which 99% inactivation was realized.
Nucleic acid determinations. Nucleic acid determinations were included to provide further characterizations of these coliphages. RNase (bovine pancrease type 1-A) was dissolved in water at a concentration of 470 ,ug/ml. When the RNase was thoroughly dissolved, small amounts were distributed to Kahn tubes and frozen until used. RNase was added to a top layer mixture for coliphage assays so that the final concentration in the plaque assay was 100 ,ug/ml (14) . RNA coliphages will not plaque in the presence of RNase. A known RNA phage (ATCC 25298-Bl) along with its E. coli host (ATCC 25298) was analyzed at the same time as a control.
Electron micrographs. Virus samples were sent to the U.S. Environmental Protection Agency research center in Cincinnati, Ohio, for further identification. Virus samples were examined by the direct negative-stain electron microscopy technique described elsewhere (19) . RESULTS Table 1 contains the phage monitoring data for influent and effluent water of Denver's main treatment plant for the period 1986 to 1989. The raw water entering the plant produced coliphages in 88% of the samples tested, and the treated water yielded coliphages in 36% of all samples tested.
The yearly averages of densities (PFU per 100 ml) in samples of influent and effluent water are also presented in Table 1 . The average PFU density for influent water was greater than that of effluent water for all 4 years. The differences, however, are not statistically significant.
Analysis of seasonal variation in PFU density (data not shown) indicates a significant rise in PFUs in influent water during the summer months compared with the rest of the year. When data for all 4 years are combined, the average for the summer equals 10.09 + 19.02 PFU/100 ml (n = 47), and the average for the rest of the year equals 1.57 + 3.23 PFU/100 ml (n = 140). These values are significantly different (one-way analysis of variance: Fs = 26.103, df = 1,185, P << 0.001). The same is true for the effluent water although the difference between averages is not as great (summer, 0.36 + 1.03 PFU/100 ml [n = 47]; rest of the year, 0.08 + 0.19 PFU/100 ml [n = 146]; Fs = 9.480, df = 1,191, P < 0.01). This seasonal variation is largely responsible for the lack of statistical significance when yearly averages of influent and effluent water were compared (see above). From the averages given in Table 1 , it appears that the removal of slightly more than 1 order of magnitude of phages is being realized by the entire treatment process. Thus, coliphages in the influent of the water treatment plant occur more frequently among samples and are more dense within samples than coliphages in the effluent water.
Characterization of the experimental phage. Because of the amount of work involved in characterizing CT values, only six phage isolates were selected for experimentation. These were arbitrarily chosen, with three from influent waters (designated I.1, 1.2, and 1.3) and three from effluent waters (designated E.1, E.2, and E.3). No major differences in plaque morphology were observed between the six isolates. Table 2 also contains the results of plaque formal medium containing RNase. All six phages produ on the medium; therefore, all were DNA v control RNA phage did not produce plaques on medium.
Electron micrographs of the six experimei indicated the existence of three distinct morpholc These are shown in Fig. 1 . The type pictured possesses long noncontractile tails and is groi Siphoviridae family (1) . Measurements from revealed a mean head diameter (± standard dev (± 3) nm (edge to edge) or 64 (± 2) nm (apex tc most discriminating feature of this phage type curled tail with what appears to be an end plate c structure. This morphology is consistent with type B morphological type (5) . Experimental p1 all effluent phage (E.1, E.2, and E.3) exhibited tI ogy.
The phage shown in Fig. 1B is also in the Bra morphological group. This coliphage type posse tively straight tail and has a slightly larger hea those previously described. Measurements of showed a mean head diameter (± standard devi (+ 3) nm (edge to edge) or 84 (+ 3) nm (apex to type also showed evidence of an indistinct tail fib attached to the distal end of the tail. The tail including the tail fiber structure, was 168 (+ 7) 1 width was 9 (± 1) nm. Experimental phage 1.3 h of morphology.
The phage particles shown in Fig. 1C are sma shaped, with no tails present, and were isolated f water (phage 1.1). These particles have been g the Microviridae family (1) and have Bradley t phology. This coliphage measures 23 (+ 1) nm and is the smallest of the three types (measuren particles). The morphology for all experimenti summarized in Table 2. CT determinations. All CT values were determn disinfectant concentrations and contact times n remove 99% of the starting PFUs. Table 3 sh4 values for all replications of all six phages plus parameters required in the CT calculations.
relationship between the logarithm of the total chlorine residual and the logarithm of time for 99% inactivation is demonstrated in Fig. 2 for the three influent phages.
DISCUSSION
The results reported here are novel in that CT values from environmentally isolated viruses have not been frequently reported. As can be seen in Table 3 , the average CT values :
for the group of six coliphages vary considerably in magnitude from 17 to 4,888. Although the mean CT value for the effluent phage (3,992) is considerably higher than the mean CT value for the influent phage (1,701) , the difference is not statistically significant, primarily because of the large within-1.5 2.0 group variance of the influent phage and the small sample size. The greater variance of the influent phage also applies to phage morphology, since all of the effluent phages were te three phage the same type, whereas all three of the influent phages were lual of influent different.
Published CT values for other viruses (with monochloramine) are not always directly comparable because of differences in experimental pH and temperature values. The 99% inactivation CT value for poliovirus type 1 ranges from about six phages. 216 (15) to 300 (7) , and bacteriophage f2 has been found to tion tests on have a mean CT value of 2,881 when tested under conditions Iced plaques of 25°C and pH 9 (7) . Simian rotavirus (as free virus) has iruses. The exhibited a mean CT value of 4,034 at 5°C and pH 8 (4). i the RNase While the conditions used for our experiments were slightly different (25°C and pH 7.5) from those employed in the ntal phages referenced studies, the calculated CT values less than 3,000 )gical types. for coliphages isolated from influent and effluent waters of Iin Fig. 1A Denver's main water treatment plant are similar to the range uped in the of published values. The values in excess of 4,000, which we 50 particles found in some instances, are higher than most values previiation) of 57 ously reported. Within a reasonable pH range and for a apex). The specific phage, there is a positive correlation between pH is a tightly and CT values.
)r a tail fiber Comparing the average CT values of influent and effluent the Bradley phages, it appears that the treatment plant is removing only hage I.2 and phages which have CT values less than about half of the his morphol-maximum expressed CT value. The lowest CT value among effluent phage was 2,596. We have attempted to estimate the idley type B minimum and maximum CT capabilities of the treatment asses a rela-plant itself on the basis of some crude but reasonable id size than assumptions. Given a flow rate of 90 million gal (ca. 341 49 particles million liter)/day (in winter), a 50-million-gal (ca. 189-millioniation) of 76 liter) storage capacity, and a maximum chlorine residual of bapex 
